Selenium (Se) is an essential trace element that is often deficient in the natural diets of domestic animal species. The measurement of Se in whole blood or liver is the most accurate way to assess Se status for diagnostic purposes. This study was conducted to compare hydride generation atomic absorption spectroscopy (HG-AAS) with inductively coupled plasma-mass spectrometry (ICP-MS) for the detection and quantification of Se in liver samples. Sample digestion was accomplished with magnesium nitrate and nitric acid for HG-AAS and ICP-MS, respectively. The ICP-MS detection was optimized for 82 Se with yttrium used as the internal standard and resulted in a method detection limit of 0.12 g/g. Selenium was quantified by both methods in 310 samples from a variety of species that were submitted to the Toxicology Laboratory at New Bolton Center (Kennett Square, PA) for routine diagnostic testing. Paired measurements for each sample were evaluated by a mean difference plot method. Limits of agreement were used to describe the maximum differences likely to occur between the 2 methods. Results suggest that under the specified conditions ICP-MS can be reliably used in place of AAS for quantitation of tissue Se at or below 2 g/g to differentiate between adequate and deficient liver Se concentrations.
Introduction
Selenium (Se) is an essential micronutrient that is an integral component of glutathione peroxidases, which are important antioxidant enzymes that catabolize hydroperoxides. 8 Selenium deficiency in domestic livestock is associated with nutritional myodengeneration (NMD), a peracute to subacute myodengenerative disease of cardiac and skeletal muscle. 45 The NMD occurs most commonly in young, rapidly growing calves, lambs, kids, and foals. Many livestock feedstuffs are deficient in Se because of low soil concentrations in large regions of the United States. Such deficiencies have resulted in the widespread oral or parenteral supplementation of Se to achieve optimal productive performance. However, oversupplementation can cause Se intoxication. In addition, the soil in some regions of the United States is high in Se, which can result in high concentrations of Se in plants. Ingestion of obligate or facultative Se-accumulator plants by livestock can also result in intoxication.
Selenium has a narrow therapeutic index. Dietary requirements for Se range from 0.1 to 0.3 g/g expressed on a dry matter basis. Selenium intoxication can result when 5 g/g Se is fed for a relatively short period of time. 67 Sodium selenite is administered subcutaneously or intramuscularly at doses up to 0.18 mg/ kg in calves, 28 whereas parenteral doses of 0.2-0.4 mg/ kg can be toxic. 54 Of interest is the observation that many piscivorous avian and marine mammalian species have high concentrations of Se in their tissues. It has been demonstrated that Se forms an insoluble complex with mercury (Hg), 47 which may serve to protect these species from Hg intoxication by preventing Hg from interacting at cellular target sites. 33, 35, 43, 64 The detection and quantification of Se in biological samples and feedstuffs is a common procedure for the diagnosis of Se deficiency or intoxication. The antemortem and postmortem samples of choice are whole blood and liver, respectively. Other samples such as serum and hair have also been used. The incidence of Se deficiency is considerably greater than that of Se intoxication and, therefore, veterinary laboratories are more often concerned about the detection of low levels of Se in diagnostic samples.
Ideally, analytical methods should be able to accurately determine Se in a variety of sample matrices from low micrograms per kilogram concentrations to several hundred micrograms per gram. A variety of methods are used to quantify Se. Methods approved by the Association of Official Analytical Chemists (AOAC) are the best procedures available for specific analyses under controlled conditions. 40 The AOAC has approved Se determination by techniques such as fluorometry (FL) in plants (969.06), hydride generation atomic absorption spectroscopy (HG-AAS) with closed system nitric acid (HNO 3 ) digestion for food (986.15), inductively coupled plasma-mass spectrometry (ICP-MS) for water and waste waters (993. 14) , and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) for solid waste (990.08). 29 Its determination in biological samples has been reported to be possible by methods such as FL, 2 gas chromatography with electron capture detection (GC-ECD), 57, 63 HG-AAS, 19, 69, 71 electrothermal detection with graphite furnace atomization (ETAAS), 9, 25, 38, 51 graphite atomic absorption with Zeeman and deuterium corrections (GFAAS), 11, 16, 17, 24, 30, 42, 72, 75 and ICP-AES with 70 and without hydride generation. 60, 62 The difficulties and disadvantages of each of these methods have been addressed elsewhere. 40 In brief, these include the need for a large sample size for HG-AAS and FL, the requirement for destruction of organic matter before analysis with use of concentrated acids for GC-ECD, FL, HG-AAS, and ICP-AES, 2,5 the need for sample derivatization for GC-ECD and FL, 57,63 the need for oxidizing conditions to prevent volatilization of Se in ETAAS, 48 and the need to use a matrix modifier for ETAAS and GFAAS. 14, 41, 42, 74 Available reports have shown that HG-AAS is 1 of the most widely used methods for Se detection in biological samples. This method allows minimum matrix interferences because of selective separation of Se from the matrix by generation of volatile covalent hydrides, although all the Se has to be converted to a form that will result in hydride formation. Detection of Se by HG-AAS has been used successfully for samples such as liver and muscle of cattle and chicken, 1,26 human lung tissue, 36 beef offal and fish, 20 a variety of meat products, 69 skin, 19 plants, soil, 26, 44 and plasma. 50 New advances in ICP technology that combine the excellent ion source of an ICP with the ion-detection capabilities of MS suggest that ICP-MS can be used for reliable and sensitive detection of trace elements in biological samples. 21, 49, 52, 58, 75 Advantages of ICP-MS over alternative methods include its application to a wide range of sample types, high sensitivity, need for minimal sample preparation, need for small sample sizes, simultaneous multielement analysis, and high specimen throughput. However, no method is without its disadvantages, and it has been suggested that detection of Se by ICP-MS is not possible because of the high ionization potential of Se causing a smaller proportion of atoms in the plasma to be converted into ions thus lowering instrument sensitivity. 68 However, limited reports confirm that detection of Se by ICP-MS in biological samples such as hair, bone, brain, heart, liver, serum, plasma, and muscle is possible with detection limits as low as 0.09 g/liter in serum and 0.8 g/g in hair. 6, [21] [22] [23] 31, 37, 49, 58 A number of Se method comparison studies have been reported including measuring serum Se by HG-AAS and GFAAS, 53 analysis of dietary supplements by ETAAS and HG-AAS, 71 analysis of foods such as eggs, bread, milk, and bovine liver by ETAAS and HG-AAS, 48 and comparison of FL with HG-AAS, flow injection AAS, and HG with molecular emission cavity detection for determination of Se in standard reference materials (SRM) of bovine liver and albacore tuna. 7 To the authors' knowledge, no study has been reported that directly compares HG-AAS and ICP-MS for the detection of Se in tissues. The purpose of this article was to compare liver Se concentrations obtained by ICP-MS to values obtained from the same samples using HG-AAS.
Materials and methods
Materials. Trace metal grade HNO 3 , hydrochloric acid (HCl), sodium borohydride (NaBH 4 ), magnesium nitrate (Mg(NO 3 ) 2 ), and sodium hydroxide (NaOH) were used in sample preparation and analysis. a Calibration Se standard and yttrium (Y) internal standard solutions were purchased in 2% HNO 3 . b The SRMs 1577b Bovine Liver c and DORM-2 Dogfish Muscle d were used as external controls. Tuning solutions, e threaded Teflon-PFA vessels, f metal-free polypropylene sample tubes, g pipetters, and pipette tips h were used with ICP-MS. An ultrapure water system i (Milli-Q RG and Milli-RO10) was used to generate water with resistivity of 18 M⍀ cm.
Preparation of standards and solutions. Analysis by HG-AAS required preparation of 20% (wt/vol) of Mg(NO 3 ) 2 in HNO 3 and 0.06% (wt/vol) NaBH 4 in NaOH. Serial dilutions of a 10 g/ml working Se standard with 30% HCl generated standards (0.05, 0.03, 0.02, 0.01, and 0.005 g/ml) to be used with HG-AAS. A 5.0 g/ml working Se standard for ICP-MS was prepared by adding 0.250 ml of 1,000 g/ml stock standard to 49.75 ml of 2% HNO 3 . A new standard was prepared daily. A range of working standards (0.005, 0.01, 0.05, and 0.10 g/ml) was prepared by a serial dilution of the 5.0 g/ml standard mix into a total volume of 30.0 ml of 2% HNO 3 after the addition of 0.3 ml of 2.0 g/ml of Y. The same concentration of Y was introduced into a blank solution consisting only of 2% HNO 3 .
Preparation of samples. Selenium analysis by HG-AAS required 1.0 g of liver or 0.25 g of DORM-2 and 0.25 g of 1577b. Samples were placed into 100 ml glass beakers and treated with 10 ml of 20% Mg(NO 3 ) 2 and digested at low temperatures on a hot plate until fully dry. 65 The samples were placed into a muffle furnace at 500 C for 1 hr. The beakers were then allowed to cool to room temperature, the residues were treated with 8.0 ml of concentrated HCl, and placed onto a hot plate for approximately 1 min to facilitate reduction of Se(VI) to Se(IV) oxidation state. The resulting solutions were transferred into a 25 ml volumetric flask, and the volume was adjusted with extra pure water. The ICP-MS used a procedure where 0.4 g of each sample and 0.25 g of both SRMs were placed into threaded Teflon-PFA vessels and digested with 5.0 ml of concentrated HNO 3 at 90 C for approximately 12 hr. The samples were allowed to cool to room temperature, and 0.2 ml of the digest was diluted with extra pure water to a final volume of 10 ml after the addition of 0.1 ml of 2 g/ml Y as the internal standard. The MS was set to detect total 82 Se. The 1577b and DORM-2 were analyzed before analysis of diagnostic samples to ensure proper HG-AAS and ICP-MS instrument operation and accuracy of the results. All final concentrations were reported on a wet weight basis in units of micrograms per gram (ppm). Any possible sample volume loss from Teflon-PFA containers was examined and found to vary by a factor of 1.04 to the original sample volume for the replicates of n ϭ 10. All final Se concentrations were corrected by a factor of 1.04. HG-AAS conditions. A series 906 AAS j system was equipped with HG and flame sampler, a Se hollow cathode lamp set to operate at a wavelength of 196 nm with a slit width set to 1.0 nm and an electrodeless discharge lamp set at 15 mA. Before any sample analysis, the instrument was primed with 1.0 g/ml Se standard that had to yield an acceptable absorbance reading of at least 0.8 and the baseline was established with the 30% HCl solution. The sample digests (10 ml) or standard was introduced into the HG followed by addition of HCl and NaBH 4 . The reaction-generated hydrogen selenide was then introduced into the absorption cell. The average of 3 absorbance readings for each sample was recorded, and the peak height used to generate a Se calibration curve with an R 2 value of at least 0.99.
ICP-MS conditions. An ELAN 6100 model ICP-MS e was equipped with a cross-flow nebulizer, chilled Scott-type double-pass spray chamber, a quartz plasma torch with a fully replaceable sample injector using argon gas as a carrier, a quick-change demountable lens, a standard dual stage discrete dynode electron multiplier, and a nickel sampler and skimmer cones with 1.1-and 0.9-mm orifices, respectively. A mass spectrometer quadrupole driven by a 2.5 MHz power supply contained binary gold-metallized ceramic rods combined with ceramic mounting collars. The instrument was optimized according to the recommendations of the manufacturer, and its performance was evaluated daily before any samples analysis by aspiration of a 0.010 g/ml multielement solution containing Mg, Cu, Rh, Cd, In, Ba, Ce, Pb, and U in 2% HNO 3 . Method parameters and instrument conditions are summarized in Table 1 .
Limit of detection and limit of quantitation. Instrument limit of detection (ILOD) values for ICP-MS and HG-AAS procedures were determined on the basis of 10 measurements of Se concentration in a reagent blank solution taken during the sample preparation procedure. 32 The ILOD was defined as the lowest concentration of Se that could reliably be measured in a blank. The ILOD was expressed as 3 times the standard deviations (SD) of absorbance measurements of a blank for HG-AAS 32 and 3 times the SD of the number of counts for the blank by ICP-MS 22 correlated to the lowest calibration standard. Limit of quantitation (LOQ) was de-fined as the minimum analyte concentration that could be determined for a liver matrix with a 99% confidence level. 32 Serial dilutions of the prepared SRM were analyzed by both procedures without any dilution corrections until Se content could no longer be reliably determined.
Case selection. Diagnostic cases submitted to the Toxicology Laboratory for which liver Se was requested were included in the study (n ϭ 310). The overwhelming majority of samples from domestic livestock species were submitted to differentiate between Se deficiency and adequacy. The remaining samples were derived from species known to contain widely varying liver Se concentrations and for which diagnostic ranges have not been established. Therefore, a subset of results from domestic livestock was evaluated separately. Diagnostic ranges for this subset were derived from published values. 59 A case was considered deficient by either method if the liver Se value was less than the lowest value of the published adequate range. The HG-AAS values were assumed to represent the ''true'' Se value and were used to determine whether the animal was within an adequate or deficient Se range.
Statistical data evaluation. Comparison of Se results from the 2 techniques was based on a mean difference plot graphical representation, as described elsewhere. 3, 4 An average of HG-AAS and ICP-MS Se measurements for each sample ([HG-AAS ϩ ICP-MS]/2) was plotted against individual sample measurement differences (HG-AAS Ϫ ICP-MS). The mean of all differences and its SD was used to calculate the 95% range of expected disagreements (''limits of agreement'') that could be observed between the 2 methods (mean Ϯ 2*RSD).
Diagnostic evaluation of ICP-MS. Calculations were based on 4 classifications of test results. 66 A case was considered either a true positive (TP) or true negative (TN) if the liver Se concentration was within the defined Se deficiency range or Se adequate range, respectively, as determined by both HG-AAS and ICP-MS. A false positive (FP) was defined as a case where the liver Se concentration was within a deficiency range as determined by ICP-MS but 
Results
Linearity, LOD, LOQ, and accuracy of methods. Under the established optimal conditions for each method, the calibration curves showed good linearity in the range of 0.005-0.05 g/ml for HG-AAS and 0.005-0.10 g/ml for ICP-MS on the basis of standard response. Triplicate absorbance readings at 196 nm for each standard were used to generate a plot of peak height versus concentration for HG-AAS, resulting in linear curves with correlation coefficients of R 2 Ͼ 0.995. Linear curves with R 2 Ͼ 0.999 were obtained for ICP-MS standard response on the basis of the mass-to-charge (m/z) reading for 82 Se. Serial dilutions of the lowest calibration standard with generation of low-level calibration curves showed that linearity of the instrument standard response could be extended down to 0.00031 g/ml (R 2 Ͼ 0.997) for HG-AAS and 0.00015 g/ml for ICP-MS with R 2 Ͼ 0.999.
As described previously, ILOD values for HG-AAS and ICP-MS were determined to be 0.091 and 0.101 ng/ml, respectively. The SD of multiple replicates of a standard containing 5-10 times the metal content of ILOD is frequently used for determination of LOQ. However, a reagent blank is not a representative matrix-match blank for liver samples. Because obtaining a true tissue Se blank material is difficult, a suitable SRM (bovine liver 1577b) material with known Se content was used. The LOQ values based on diluted SRM samples analyzed as standards resulted in 0.5 and 0.2 ng/g for HG-AAS and ICP-MS, respectively. The LOQ for liver Se on wet weight tissue basis was de-termined to be 0.01 and 0.12 g/g for HG-AAS and ICP-MS, respectively.
The SRMs 1577b and DORM-2 were analyzed and evaluated before every sample analysis to demonstrate system stability. Accuracy of each method was evaluated on the basis of closeness of agreement between the measured Se levels and the accepted values for the SRMs. Results are summarized in Table 2 and show that the recovery for 1577b and DORM were 101% and 91% for HG-AAS and 116% and 104% for ICP-MS, respectively. The repeatability of Se detection for 1577b by HG-AAS and ICP-MS was evaluated on the basis of the relative standard deviations (RSD) of 6.33% and 7.10% for HG-AAS and ICP-MS, respectively ( Table 2) .
Limits of agreement between ICP-MS and HG-AAS. More than 300 diagnostic liver samples submitted to the toxicology laboratory were analyzed for Se by both HG-AAS and ICP-MS. These included 161 domestic animals, 45 marine mammals, 14 fish, 84 loons, 3 giraffes, 1 rhinoceros, and 1 swan. All data were plotted on the basis of the mean difference method and are shown in Fig. 1A . It is obvious that the scatter of individual differences increases as the Se concentration increases. This concentration-dependent bias suggests that as liver Se concentrations increase the difference between ICP-MS and HG-AAS results become greater. Because of the presence of this concentration-dependent bias, the limits of agreement observed in Fig. 1A are not appropriate for data interpretation. 3, 4 Limits of agreement will tend to be an overestimation for samples with small Se concentrations and underestimation for samples with large Se concentrations. To remove this bias, a logarithmic (log) transformation of all measurements was performed because only log-transformed data can be back transformed. 3, 4, 27 Figure 1B shows the log difference plot with measurements more evenly distributed and unrelated to the mean. The mean difference on a log scale (Ϫ0.054) resulted in Ϫ0.374 and 0.266 limits of agreement, values valid across the whole range of measured Se concentrations. Back transforming the results yielded a mean difference of 0.88 g/g with 95% limits of agreement of 1.84 and 0.42 g/g, indicating that ICP-MS Se readings will be between 1.84 and 0.42 times the values of HG-AAS. Thus, using all the available data suggests that the ICP-MS method may differ from HG-AAS by as much as 70%. As shown in Fig. 1B, 2 evident outliers may affect the overall data interpretation. Removal of these 2 data points (not shown) results in 95% limits of agreement on a log scale of Ϫ0.279 and 0.184, a smaller range for expected Se differences. These values translate into 1.20 and 0.76 g/g limits of agreement, showing that without 2 primary outliers the ICP-MS Se measurements may differ from HG-AAS by 24% above or 20% below. A closer look at all data revealed that the observed concentration-dependent bias in Se detection by the 2 methods was primarily because of the presence of high Se content in liver samples from marine mammals, fish, and loons causing the limits of agreement for domestic animals with Se content of 1 g/g and below to be misrepresented. Because differentiation between Se deficiency and adequacy is an important issue, deficiency defined here as Se values below adequate levels, 59 the degree of agreement between the ICP-MS and HG-AAS methods was reevaluated for 137 domestic animal samples with 1.0 g/g or less of total Se as detected by HG-AAS (Fig. 2) . These data are representative for domestic species with adequate to deficient Se. 59 The new mean difference of Ϫ0.043 g/g resulted in a limits of agreement range of Ϫ0.300 and 0.215 g/g, with all data showing no relationship to the mean difference, i.e., no concentration-dependent bias is observed. Data were now distributed randomly around the line of the ''Mean'' (Fig. 2) suggesting good agreement between HG-AAS and ICP-MS for Se values Ͻ1.0 g/g without any additional log transformation.
To determine whether there exists a consistent tendency of one method to exceed the other for this range of Se values, the standard error of the mean difference (SEM ϭ RSD of the mean/number of samples tested) and the 95% range for the bias (Mean Ϯ 2SEM) were calculated. An SEM of 0.011 gave the 95% range for the bias of Ϫ0.065 to Ϫ0.021 g/g, indicating that for 95% of all the cases with 1.0 g/g of Se content or below ICP-MS tended to give a higher Se value than HG-AAS by no more than 0.065 g/g. Including the samples with Se content of 2 g/g or less in the calculations results in slight increase in the value by which ICP-MS differs from HG-AAS (data not shown). For all the domestic animal samples with Se concentrations of up to 2 g/g, ICP-MS results tend to be higher than HG-AAS by no more than 0.08 g/g.
DA and predictive value of ICP-MS. To evaluate the diagnostic value of the results obtained by ICP-MS as compared with HG-AAS, 3 separate criteria (DA, PVP, and PVN) were assessed. 66 On the basis of the reported lower limit of adequate Se values for domestic species, the DA for 161 analyzed samples was 92.5%, suggesting that in 92.5% of all cases the diagnosis obtained from ICP-MS results will agree with HG-AAS. The PVP and PVN values were 89% and 93%, respectively. Thus, data obtained by ICP-MS agree with HG-AAS for 89% of all deficient cases and for 93% of all cases considered to be adequate. The above calculations did not take into account analytical measurement variation. On the basis of repeated measurement of Se in the 1577b SRM, it was determined that the variation for both HG-AAS and ICP-MS was approximately 10%. Thus, the Se concentrations re-
The mean difference plot for 137 domestic animal liver samples with Se concentrations at or below 1.0 g/g. The mean difference Ϫ0.043 g/g and limits of agreement were evaluated as described in Fig. 1 . The SD for the mean difference was 0.129 g/g, and the limits of agreement were 0.215 to Ϫ0.30 g/g. Data showed no concentration-dependent bias. Log transformation was not performed. ported for the diagnostic cases could have varied by Ϯ10%. Recalculating the diagnostic criteria based on the 10% measurement variation resulted in a modest improvement of DA by 1% and PVP by 4%.
Discussion
The aim of this study was to compare 2 analytical methods, HG-AAS and ICP-MS, for the detection and quantitation of Se in liver samples for purposes of diagnostic screening. The ability to determine Se along with other nutritionally and toxicologically important metals as part of a general screen offers the potential for increased laboratory efficiency by decreasing sample preparation and analysis time. Thus, using multielement screening tools such as ICP-MS for routine diagnostic submissions is desirable.
It is believed that for a valid method comparison study, all samples should be random and represent the expected range of values for the specific application. 46 This study met this requirement because all tested samples were from routine laboratory submissions representing a variety of animal species. Selenium data obtained by HG-AAS were considered the true values for all samples tested because it is an accepted reference method of the AOAC. Data presented in this report show that the 2 methods are comparable in terms of reliability, reproducibility, linearity, and specificity. In addition, ICP-MS has the added advantage of multielement screening and enhanced capability to predict and correct for possible interferences.
The ability to detect Se in biological samples by ICP-MS is believed to be difficult because generation of Se ions produces a response that is only 10% of the signal that can be observed with a completely ionized element. Another disadvantage of using ICP-MS to de-tect and quantify liver Se is the potential for occurrences of interferences through mass overlap. These can include formation of doubly charged ions ( 78 Ge ϩϩ interferes with 78 Se), interferences from elements with the same isotopic mass ( 74 Ge will interfere with 74 Se), and formation of polyatomic ions derived from argonbased plasma, especially for elements with m/z less then 80. Selenium detection can suffer from polyatomic interference from an argon dimer ( 40 Ar 40 Ar ϩ ) that has the same mass as the most abundant Se isotope ( 80 Se ϭ 49.6%). Formation of polyatomic species that are argon based results in interferences that overlap 5 out of the 6 possible Se isotopes, which are all below (m/z) of 80. This restricts the choice of Se isotopes that can be used for diagnostic screening. Although 82 Se has a low isotopic abundance (8.7%), it has proven to be sufficient for the detection of Se in biological samples such as serum and urine 52 and was used in this study.
Several possible explanations can be offered to account for the higher values obtained with ICP-MS. Sample handling and preparation is known to be critical to a complete Se recovery for HG-AAS detection. 69, 71 It has been shown that ineffective sample digestion can result in poor Se recovery because of incomplete breakdown of organoselenium compounds. 69 Loss of volatile Se is known to occur because of sample charring or sample dryness after addition of HCl, allowing an increase in the possible interference from the transition metals that are reduced slower than Se. 5, 69, 71 Higher detected Se concentrations obtained by ICP-MS as compared with reference values obtained by other methods have been reported for serum, 22 rice, and milk powder SRMs. 75 In this study, slight loss of Figure 3 . The mean difference plot for Se data obtained with 143 marine mammals, fish, and loon liver samples. As described in Fig.  1 , the mean difference (Ϫ1.19 g/g), the SD (4.04 g/g), and the limits of agreement (6.9 to Ϫ9.3 g/g) were calculated. The large spread for the limits of agreement was because of data points all with Se content at or above 10 g/g including an outlier with the highest Se concentration as determined by both HG-AAS and ICP-MS (46 and 79 g/g, respectively).
sample volume during sample digestion in ICP-MS procedure was taken into consideration before reporting final Se concentrations. All values were corrected by a factor of 1.04 (see Materials and Methods).
The degree of agreement between ICP-MS and HG-AAS has been evaluated on the basis of a difference plot approach. 3 Previous publications have clearly shown that data comparison between 2 methods on the basis of correlation coefficients and linear regression analysis is incorrect. 3, 4, 34, 55, 56, 61 Results using the latter approaches do not address the extent of the bias between the 2 methods being evaluated, only the strength of their relationship. 46 The difference plot is useful in evaluating both the degree of agreement between 2 methods and determining any concentration-related bias. Because an average of 2 measurements is the best estimation of the true value for the unknown sample, the difference between those measurements is representative of the overall measured error. Data presented in this report show good correlation between HG-AAS and ICP-MS for all samples with Se content at or below 2.0 g/g (Fig. 2) . The limits of agreement for this data were small, and the 95% range for the observed bias suggests that ICP-MS will tend to give Se values 0.08 g/g higher than HG-AAS. This small difference is unlikely to alter the interpretation of a test result, which is reflected in the above 90% DA, PVP, and PVN of ICP-MS using the HG-AAS value as the true value.
A closer look at the data in Fig. 1 reveals that the largest disagreement between HG-AAS and ICP/MS was observed for marine mammals, fish, and loons. In general, these are species with substantially higher liver Se as compared with domestic animals. The mean difference plot for 143 marine mammals, fish, and loon samples is shown in Fig. 3 where the greatest variation between the 2 methods is observed for samples with Se concentrations above 10 g/g. All values for these species at or below 10 g/g (115 samples) were reevaluated on the basis of the mean difference plot method (data not shown). Results indicated (mean difference ϭ Ϫ0.43 g/g, SD of 0.80 g/g) that ICP-MS gives higher Se values by no more than 0.58 g/g when compared with HG-AAS, a value unlikely to be diagnostically significant.
In biological systems inorganic Se is easily reduced from selenate to selenide (S 2Ϫ ). Selenide in turn can react with Hg to form a largely inert adduct of mercury (II) selenide (HgSe), which is probably nontoxic. Numerous studies in marine mammals, fish, and birds have shown high correlations between Se and Hg concentrations, especially in liver, 12, 13, 39, 62, 73 and it is believed that portions of the 2 metals are present in tissues in the form of HgSe in a 1:1 molar ratio, whereas a variable amount of liver Hg is present in the form of toxic methyl-Hg. 10, 15, 18, 73 Formation of HgSe can be considered as a Hg detoxification pathway in animals.
In this study, all marine mammal, fish, and loons livers were analyzed for Hg by cold vapor HG-AAS. The measured Hg concentrations ranged between 0.27 and 145.0 g/g. The resulting molar ratio of 1:0.9 for Hg:Se ICP-MS (for Se determined by ICP-MS) was observed for all samples with Hg concentrations at or below 10 g/g (averaged Se concentration of 4.5 g/ g) for n ϭ 86. These data were consistent with other studies showing a high correlation between liver Se and Hg values. A slightly poorer correlation was observed for the same samples with Se measured by HG-AAS where Hg:Se HG-AAS resulted in a 1:1.4 molar ratio. The observed Hg concentration at 145 g/g for 1 samples showed the poorest agreement between HG-AAS and ICP-MS Se detection with molar ratio of 2.8 and 3.1, for Hg:Se ICP-MS and Hg:Se HG-AAS , respectively. It is possible that tissue Se, when combined with tissue Hg as HgSe, cannot form volatile Se covalent hydrides and therefore is not detected as readily by HG-AAS. This is 1 possible reason for the much lower Se readings obtained for these samples by HG-AAS compared with ICP-MS. Molar ratios for samples with Hg concentrations greater then 10 g/g (n ϭ 35) were 2.75 and 2.34 for Hg:Se ICP-MS and Hg:Se HG-AAS , respectively.
Because Se deficiencies are much more common than Se intoxications, the main concern of this study was the agreement between the 2 methods at adequate or deficient tissue concentrations. At liver Se concentrations 0.12 Յ [Se] Յ 2.0 g/g, the diagnostic properties of ICP-MS (DA, PVP, and PVN) are excellent. On an average, for Se concentration of Ն2.0 g/g, ICP-MS gives higher values. Thus, Se intoxication is unlikely to be misdiagnosed because a FP is much more likely than a FN. The authors suggest that liver samples with Se values within a reported toxic range as determined by ICP-MS should be reanalyzed using HG-AAS. If the hypothesis that HG-AAS cannot accurately measure tissue Se when in the form of HgSe is true, then ICP-MS might be the preferred method for Se determination in samples from species in which HgSe is found. Until the reason for the discrepancy between ICP-MS and HG-AAS at high tissue Se concentration is better defined, HG-AAS is still the recommended method when high tissue concentrations are a concern.
In conclusion, it appears that at tissue Se concentrations of most concern (Ͻ2.0 g/g) ICP-MS provides a viable diagnostic alternative. The multielement screening capability of ICP-MS allows for a complete assessment of nutritionally relevant elements in liver samples with a single analysis, avoiding the need for a separate liver Se analysis by HG-AAS. In those cases in which a high tissue Se concentration is a concern, HG-AAS is still the preferred method. 
